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he dorsal–ventral axis of vertebrate embryos is thought to be specified by a gradient of bone morphogenetic protein (BMP)
ctivity, which, in part, arises through the interaction of dorsally expressed antagonists Chordin and Noggin with the
entralizing BMPs. The zebrafish mercedestm305, ogonm60, and short tailb180 mutations produce ventralized phenotypes,
including expanded bmp2b/4 expression domains. We find that the three mutations are allelic and that the locus they define,
renamed ogon (ogo), maps to linkage group 25. The ogom60 and ogob180 mutations are deficiencies and thus represent null
lleles, whereas the ENU-induced allele ogotm305 retains partial function. Aspects of the ogom60 and ogotm305 mutant
henotypes are fully suppressed by overexpression of BMP antagonists. Moreover, swirltc300, a null mutation in bmp2b, is
pistatic to ogom60 mutation, providing further evidence that ogo normally functions in a BMP-dependent manner.
Embryonic patterning is highly sensitive to maternal and zygotic ogo gene dosage, especially when the level of zygotic
chordin activity is also reduced. However, elimination of the zygotic activity of both genes does not result in a completely
ventralized embryo. Thus, while ogo and chordin are required to limit activity of BMPs, additional mechanisms must exist
to block these ventralizing signals. We have ruled out zebrafish noggin homologues as candidates for the ogo gene, including
a newly identified gene, nog1, which is specifically expressed in the gastrula organizer. The results suggest that ogo encodes
an as yet unidentified dorsalizing factor that mediates dorsoventral patterning by directly or indirectly antagonizing BMP
activity. © 1999 Academic PressKey Words: gastrulation; dorsal–ventral axis; ventralized mutant; maternal effect; mercedes; short tail; noggin.
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(INTRODUCTION
Of central importance in development is the establish-
ment of anterior–posterior and dorsal–ventral axes. Along
these axes, cell fates are determined on the basis of their
position in a field of undifferentiated cells. Patterning along
the dorsal–ventral (D–V) axis is thought to occur through an
evolutionarily conserved pathway. In vertebrate and Dro-
sophila embryos, signaling by the TGFb family members,
one morphogenetic proteins (BMPs) and decapentaplegic
DPP), is antagonized by the homologous proteins Chordin
nd Short Gastrulation (Sog), respectively (reviewed in
1 These authors contributed equally to this work.
2 To whom correspondence should be addressed. Fax: (615) 343-
707. E-mail: solnicl@ctrvax.vanderbilt.edu.
72olley and Ferguson, 1997). During gastrulation in Xeno-
us, Chordin and Noggin (Nog), emanating from the dorsal
rganizer, bind to and prevent BMPs from activating their
eceptors and thereby block their ventralizing properties
Piccolo et al., 1996; Zimmerman et al., 1996). Modulating
this interaction is Tolloid, a metalloprotease which cleaves
Chordin, potentially refining the limits of its activity in
vivo (Blader et al., 1997; Marques et al., 1997; Piccolo et al.,
1997). The concerted action of these and other factors is
presumed to establish a morphogenetic gradient of BMP
activity, which is translated into positional information
(Dosch et al., 1997; Neave et al., 1997; Wilson et al., 1997;
Jones and Smith, 1998; Nguyen et al., 1998).
Several observations suggest that the interaction between
BMPs and their antagonists, Chordin and Noggin, is in-
structive in the establishment of the vertebrate body plan.
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73Zebrafish ogon Antagonizes BMP SignalingWhen bmp4 is ectopically expressed in Xenopus or ze-
brafish embryos, there is a resultant increase in ventral cell
fates such as epidermis and blood at the expense of dorsal
derivatives such as neural tissue, head mesenchyme, and
notochord, features that are characteristic of embryos ven-
tralized by other experimental manipulations (Dale et al.,
1992; Schmidt et al., 1995; Neave et al., 1997). Conversely,
inhibiting BMP expression (Fu¨rthauer et al., 1997) or block-
ing BMP signaling through overexpression of Chordin,
Noggin, or a dominant negative BMP receptor results in
dorsalized embryos that have an expansion of dorsal–lateral
derivatives at the expense of ventral derivatives (Graff et al.,
1994; Schmidt et al., 1995; Miller-Bertoglio et al., 1997;
Neave et al., 1997; Frisch and Wright, 1998).
A key role for BMP signaling in D–V patterning is further
supported by genetic analyses in zebrafish and mouse. In
zebrafish, dorsalized swirl (swr) mutants are defective in
the bmp2b gene (Kishimoto et al., 1997; Nguyen et al.,
1998), while ventralizing chordino (din) mutations affect
the chordin locus (Schulte-Merker et al., 1997). Analysis of
swr;din double mutants revealed that swr is epistatic to
din, further suggesting that Chordin is not an actively
dorsalizing factor, but rather functions to repress the ven-
tralizing activity encoded by swr (Hammerschmidt et al.,
1996b). Mouse embryos homozygous for a null mutation of
bmp4 usually die before the onset of gastrulation. However,
the few mutants that develop past gastrulation exhibit
truncated posterior structures and a reduction in ventrally
derived blood islands, underscoring the conserved role of
BMP4 in specification of ventroposterior structures (Win-
nier et al., 1995). Intriguingly, targeted inactivation of the
mouse noggin gene does not appear to perturb patterning of
the D–V axis, suggesting that if noggin does have an early
role, other BMP antagonists such as Chordin might com-
pensate in the mouse mutant (Brunet et al., 1998).
In several zebrafish mutagenesis screens (Hammer-
schmidt et al., 1996a; Solnica-Krezel et al., 1996; Walker,
1999), mutations were identified that produce ventralized
phenotypes similar to those resulting from mutations of
chordin. We now provide genetic evidence and mapping
data that the two embryonic lethal mutations, ogonm60 and
short tailb180, and the viable mutation mercedestm305 affect
he same locus designated as ogon. The requirement for
maternal gene product was assessed through genetic analy-
ses and gene expression studies on gastrulating embryos
derived from different maternal genotypes. Injections of
RNA encoding antagonists of BMP signaling suppressed the
ogon mutant phenotypes, suggesting that ogon normally
cts to antagonize BMP activity. A null mutation of swirl
bmp2b) was epistatic to ogom60, further indicating that
Ogon acts in a BMP-dependent manner similar to Chordin
(Hammerschmidt et al., 1996a). We have excluded zebrafish
noggin (nog) homologues as candidates for the mutated
gene, including a recently identified nog1 gene that is
specifically expressed in the gastrula organizer. Our results
suggest that the ogon locus encodes an as yet unidentified
p
Copyright © 1999 by Academic Press. All rightdorsalizing factor that either directly or indirectly antago-
nizes BMP signaling.
MATERIALS AND METHODS
Embryo collection. Techniques for the care and breeding of
zebrafish were followed as described (Westerfield, 1995). Embryos
were collected from single pair matings, maintained at 28°C in
embryo medium (15 mM NaCl, 0.5 mM KCl, 1 mM CaCl2, 1 mM
MgSO4, 0.15 mM KH2PO4, 0.05 mM Na2HPO4, 0.7 mM NaHCO3),
nd staged according to hours postfertilization (hpf) and morpho-
ogical criteria (Kimmel et al., 1995).
Zebrafish mutations. The spontaneous mutation ogonm60 (ogo),
discovered in fish from Hong Kong (HK) (Solnica-Krezel et al.,
1996), the N-ethyl-N-nitrosourea (ENU)-induced mutations mer-
cedestm305 (mes), swirltc300 (swr) and chordinott250 (din) (Hammer-
schmidt et al., 1996a; Mullins et al., 1996), and the gamma
(g)-ray-induced mutation short tailb180 (stl) (C. Walker and C.
Kimmel, personal communication; Miller-Bertoglio et al., 1997)
were used for complementation and double mutant analyses. All
alleles used in this study segregated at the expected Mendelian
ratios and were maintained in a variety of wild-type (WT) back-
grounds including AB (Walker, 1999) and the polymorphic mapping
strains DAR, EK, and WIK (Goff et al., 1992; Rauch et al., 1997;
Knapik et al., 1998).
Mapping of mutations. To determine the chromosomal posi-
tion of the ogo locus, a mapping cross-panel was produced from the
genomic DNA of individual haploid progeny of an ogom60/1 (HK/
K) female, derived from crossing a ogom60/1 heterozygote with a
T fish of the EK background, following previously described
ethods (Postlethwait et al., 1994). Linkage was determined by
ulked segregant analysis using sets of DNA primers (Research
enetics, Huntsville, AL) that amplify simple sequence-length
olymorphisms (SSLP) throughout the genome (Knapik et al., 1996,
998; Shimoda et al., 1999). Conditions for amplification by the
olymerase chain reaction (PCR) followed Knapik et al. (1996), and
CR products were resolved on 4% agarose or 2–3.5% Metaphor
garose gels (FMC Bioproducts). Linkage was confirmed on indi-
idual genomic DNA samples from ogom60 and ogob180 mutants and
their respective WT siblings (Z10492, Z22653, Z21929, Z1477,
Z13232, Z11092, Z6924, Z3745, Z21302, Z4693, Z49, Z8380,
SSR15, Z6874, and Z9352 for ogom60). Linkage of ogotm305 mutation
to LG25 was confirmed using markers Z1477 and Z6924.
Analysis of noggin genes. For candidate gene testing, DNA
sequences corresponding to a previously identified noggin gene
Fritz et al., 1996), renamed noggin 3, were amplified by PCR from
genomic DNA isolated from ogom60 mutants and, as a control, their
T siblings.
Partial sequences corresponding to two additional noggin genes
nog1 and nog2, M. Fu¨rthauer, C. Thisse and B. Thisse, unpublished
bservations) were isolated using degenerate primers (59-AG(G/
)AAGTTNCAGATGTGGCTNTGG-39 and 59-CACTCGGA-
ATGANNGGGTACTG-39) in PCR reactions (100 ml) containing
mpliTaq DNA polymerase (Perkin–Elmer), 1 mM MgCl2, and
ebrafish genomic DNA (500 ng) as template. Cycling conditions
ere 94°C for 3 min, followed by 40 cycles of 94°C for 1 min, 55°C
or 1 min, 72°C for 1 min, and a final incubation at 72°C for 7 min.
he amplified products were purified from a 2% agarose gel
QiaQuick Gel Extraction Kit; Qiagen) and ligated into the
GEM-T vector (Promega).
As with nog3, primers specific for either nog1 or nog2 were used
s of reproduction in any form reserved.
D
m
r
s
i
t
(
(
p
E
p
v
a
g
b
o
o
c
w
b
( pomo
d
74 Miller-Bertoglio et al.to amplify from ogom60 deletion mutant DNA. The nog1 specific
primers (59-TGCCAGCACTATTACCTG-39 and 59-GCCTCTC-
CTCGCCACGCATCT-39) amplified a 521-bp fragment that was
subcloned (Wizard PCR Preps Kit; Promega) from genomic DNA of
the ogom60 (HK) and WT (EK) progeny of ogom60/1 (HK/EK) parents.
NA sequencing (Thermo Sequenase, Amersham) revealed a poly-
orphism (G to C substitution) that created an additional PvuII
estriction site in EK but did not alter the Nog1 amino acid
equence. Segregation of this restriction polymorphism was exam-
ned in ogom60 map panel DNA samples.
RNA in situ hybridization. Antisense RNA probes were syn-
hesized from plasmids encoding eve1 (Joly et al., 1993), krox20
Oxtoby and Jowett, 1993), gata1 (Detrich et al., 1995), chordin
Miller-Bertoglio et al., 1997), tbx6 (Hug et al., 1997), wnt8 (Kelly et
al., 1995), and bmp2b and bmp4 (Nikaido et al., 1997). Whole-
mount in situ hybridization was performed essentially as described
(Thisse et al., 1993). Labeled embryos were imaged using a Zeiss
Axioplan equipped with a ProgRes 3012 digitizing camera (Kon-
tron) or by standard photography on a Zeiss Axiophot.
RNA microinjection. Sense RNAs encoding Xenopus tBRII
(Frisch and Wright, 1998), Xenopus Noggin (Smith and Harland,
1992), or zebrafish Chordin (Miller-Bertoglio et al., 1997) were
transcribed using the mMessage mMachine kit (Ambion). For
injections of noggin (50 ng/ml) or tBRII (200 ng/ml) RNA, the RNA
solution was backloaded into borosilicate glass needles and pres-
sure injected in the yolk of one- to four-cell-stage embryos using a
FIG. 1. mes, ogo, and stl fail to complement. (A) WT (1 day), (B,C)
y a shortened body axis, an accumulation of cells in the ventral t
go and stl homozygotes have smaller heads and an enlarged vesicl
f mes/mes females exhibit a more prominent duplicated vent
omplement. All matings produced transheterozygous mutant prog
as revealed in reciprocal crosses. The enlarged tail vesicle (open
ut was observed in (I) progeny of ogo/1 females. The phenotype o
C) mes and (D) ogo homozygotes, suggesting that mes is a hy
esignations. Scale bar, 200 mm for (A–I).PV820 Pneumatic PicoPump, calibrated to inject 1 nl per pulse.
Phenotypes were scored at 15 and 24 hpf.
Copyright © 1999 by Academic Press. All rightFor coinjection of zebrafish chordin (15 ng/ml) and green fluores-
cent protein (GFP) (100 ng/ml) RNA, embryos (one- to two-cell
stage) from intercrosses of ogom60/1 or ogotm305/ogotm305 fish were
ressure-injected into blastomeres or into the underlying yolk.
mbryos were examined at 24 hpf and grouped according to
henotype (WT, ogon, partially rescued, or dorsalized), using pre-
iously described criteria (Mullins et al., 1996; Solnica-Krezel et
l., 1996). In some cases, rescue was confirmed through the
enotyping of injected embryos derived from ogom60/1 (HK/EK)
intercrosses. Genomic DNA was prepared from single injected
embryos and assayed by PCR for the linked polymorphic marker
Z6924 [200 bp for WT (EK), 220 bp for ogo (HK)].
RESULTS
mercedes, ogon, and short tail Are Allelic
In three independent genetic screens (Hammerschmidt et
al., 1996a; Solnica-Krezel et al., 1996; Walker, 1999), muta-
tions were identified that, in part, produced similar mutant
phenotypes. The mestm305, ogom60, and stlb180 mutations
appear to affect patterning along the dorsal–ventral axis at
gastrulation, and by 24 hpf, homozygous mutants display
an abnormal accumulation of cells at the ventral tail and a
(D) ogo, and (E) stl homozygotes (1 day) are typically characterized
rrowhead), and a partial duplication of the ventral fin. In addition,
he ventral tail (arrow). (B) Progeny of a mes/1 female. (C) Progeny
n (open arrowheads). (F–I) mes, ogo, and stl mutations fail to
Table 1). (H and I) A maternal enhancement of mutant phenotypes
) was not present in the (H) ogo/mes progeny of a mes/1 female,
/mes transheterozygotes was of intermediate severity compared to
rphic allele. The maternal allele is given first in the genotypemes,
ail (a
e in t
ral fi
eny (
arrow
f ogoduplication of the ventral tail fin (Figs. 1B–1E). Mutants,
however, range in phenotypic severity with ogo and stl
s of reproduction in any form reserved.
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75Zebrafish ogon Antagonizes BMP Signalingproducing a stronger caudal phenotype than mes. Homozy-
gous ogo and stl mutants also develop a smaller head and a
hortened body axis and are embryonic lethal (Solnica-
rezel et al., 1996). Homozygous mes embryos are viable,
lthough they exhibit a mildly shortened axis at 24 hpf
Figs. 1B and 1C) and a duplicated tail fin that is usually
aintained in adulthood (Hammerschmidt et al., 1996a).
The similarities of the phenotypes produced by mes, ogo,
nd stl suggested that these mutations all affect the same
evelopmental pathway and possibly the same gene. To test
his idea, we mated fish that were heterozygous for different
utations in complementation tests. In all crosses, mutant
henotypes were obtained at the expected frequency for
lleles of a single locus (Figs. 1F-1I and Table 1). In addition,
ntercrosses between viable transheterozygous adults (e.g.,
es/ogo or mes/stl) produced 100% mutant progeny (n 5
42), strongly suggesting that all three mutations disrupted
he same locus.
Corroboration of allelism came from the independent
enetic mapping of the ogom60, stlb180, and mestm305 muta-
ions to the distal region of linkage group (LG) 25 (Fig. 2A).
map cross panel of genomic DNA was first prepared from
ndividual haploid progeny of an ogom60/1 (HK/EK) het-
erozygous female and analyzed using PCR techniques that
reveal linkage to polymorphic DNA markers (Knapik et al.,
1996, 1998). Initial assignment of ogo to LG25 was based on
the SSLP marker Z49, which amplified a single fragment
(220 bp) from 20 DNA samples prepared from WT (EK)
haploids, but failed to amplify from mutant (HK) DNA (n 5
20; Fig. 2B). Subsequent analysis (Figs. 2C–2G) demon-
strated that several additional markers were missing from
ogom60 and stlb180 DNA, with stlb180 lacking a more proximal
marker (Z21929) than ogom60. Thus, PCR and Southern
nalyses (data not shown) indicated that both ogom60 and
tlb180 were deletions and, therefore, null alleles. Together,
he complementation and mapping data demonstrate that
gom60, stlb180, and mestm305 mutations affect the same locus,
which henceforth will be referred to as ogon (ogo). Through
PCR typing of genomic DNA prepared from the haploid
progeny of ogotm305/1 (AB/DAR) females (Fig. 2I), ogotm305
TABLE 1
The mes, ogo, and stl Mutations Fail to Complement
Parental
genotype
Parental
genotype
mes/1 stl/1 ogo/1
es/1 27% (n 5 125) — —
tl/1 23% (n 5 376) 25% (n 5 95) 27% (n 5 596)
go/1 23% (n 5 488) 22% (n 5 95) 27% (n 5 596)
es/mes 43% (n 5 23) 42% (n 5 57) 47% (n 5 270)
Note. Percentages are the percentage of mutant progeny from the
ndicated mating and n is the total number of progeny scored.was also found to map within the same LG25 interval. The
phenotypes of ogotm305/ogom60 (Figs. 1H and 1I) and ogotm305/
Copyright © 1999 by Academic Press. All rightgob180 transheterozygous embryos were of intermediate
severity (slightly more severe than ogotm305/ogotm305 but less
evere than ogom60 or ogob180 homozygotes), suggesting that
he ENU-induced ogotm305 allele (Hammerschmidt et al.,
1996a) is a hypomorph.
Maternal Contribution of the ogon Locus
In a previous study (Hammerschmidt et al., 1996a), the
mutant progeny of ogotm305/ogotm305 females were found to be
ore severely affected than those produced by ogotm305/1
females mated with ogotm305/1 males, suggesting that there
was a maternal component to ogo function (also compare
Figs. 1B and 1C). We explored whether the null mutations
ogom60 and ogob180 further affected this maternal enhance-
ment of the zygotic mutant phenotype.
In reciprocal crosses, the phenotypes of ogotm305/ogom60
and ogotm305/ogob180 mutant progeny were more severe when
the female carried the deficiency chromosome (compare
Figs. 1H and 1I). A greater number of cells accumulated in
the ventral tail and the tail fin duplication was more
pronounced when the female was ogom60/1, ogob180/1, or
ogotm305/ogotm305, as opposed to ogotm305/1. This finding cor-
roborated that embryonic patterning, particularly of the
caudal region, is extremely sensitive to the dosage of
maternally derived gene product.
Maternal enhancement of the zygotic phenotype was also
evident at gastrulation, by alterations in the expression
patterns of genes that are normally expressed in discrete
dorsoventral domains (Fig. 3). Expression of eve1, a marker
of ventral/ventrolateral cells, and tbx6, a marker of nondor-
sal marginal cells, was expanded dorsally in 25% (n 5 84,
70% epiboly) and 29% (n 5 34, 80% epiboly) of embryos
presumed to be the ogom60/ogom60 progeny of ogotm305/ogom60
females and ogom60/1 males (compare Figs. 3B and 3C, 3E
nd 3F). Contrary to the earlier study (Hammerschmidt et
l., 1996a), we did not find any notable difference in eve1
xpression in progeny derived from ogotm305/1 or ogotm305/
gotm305 females and ogotm305/1 males, nor was there a
onsistent alteration in eve1, tbx6, or wnt8 expression
among the progeny of ogom60/1 intercrosses at midgastrula
tages (Figs. 3A and 3D and data not shown). By the end of
astrulation, however, eve1 and tbx6 expression domains
ere expanded dorsally in all homozygous ogom60 mutants
(Figs. 3G–3J), regardless of the maternal genotype (ogotm305/
gom60 or ogom60/1).
The results suggest that the maternal contribution of the
ogo1 gene product compensates for patterning defects in
ogom60 homozygotes derived from ogom60/1 females, at least
until midgastrulation. When the maternal gene product is
decreased to a greater extent, as presumed for ogotm305/
gom60 females, defects in the dorsoventral patterning of
homozygous mutants are revealed earlier in gastrulation.
Thus, the maternal genotype seems to influence the expres-
sivity of the mutant phenotype and the onset of patterning
defects in mutant embryos.
s of reproduction in any form reserved.
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76 Miller-Bertoglio et al.FIG. 2. ogo maps to linkage group 25. (A) Genetic map of the distal end of LG25 with polymorphic (Z) markers indicated (Knapik et al.,
1998; http://zebrafish.mgh.harvard.edu). The extent of the ogo and stl deficiencies (dashed lines) are approximated. (B) Linkage of ogom60 to
LG25 was initially established by the absence of Z49 in ogom60 genomic DNA. (C–E) Analyses of other LG25 markers suggest that the
proximal breakpoint of the ogom60 deletion lies between proximal markers (C and D) Z1477 and Z21929 and the distal marker (E) Z22653.
The proximal breakpoint of stlb180 lies between (F and G) Z1477 and Z21929. Distal breakpoints could not be determined since markers
istal to Z21929 were absent in all three alleles. (I) mes was independently mapped to LG25 through linkage to Z1477. Amplification
roducts for a subset of WT siblings (1/1 and mes/1) and mutant (mes/mes) diploid embryo genomic DNA samples are shown. m, marker
ane. Arrowhead, 200 bp.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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77Zebrafish ogon Antagonizes BMP SignalingExpanded BMP Expression in Mutant Embryos
The dorsal expansion of ventrolateral markers at gastru-
lation and the mutant phenotypes at 24 hpf resemble the
effects of previously described mutations at the chordin
locus on LG15 (Hammerschmidt et al., 1996a; Fisher et al.,
1997; Schulte-Merker et al., 1997). Another feature of
chordin (din) mutants is altered BMP expression, presum-
ably due to the involvement of ectopic BMP signaling in
positive autoregulation of transcription (Hammerschmidt
et al., 1996b). To determine if a reduction of the maternal
and/or a complete loss of the zygotic ogo function also leads
to misexpression of BMP morphogens, we examined the
distribution of bmp2b (data not shown) and bmp4 tran-
scripts in the progeny of ogom60/1 and ogotm305/ogom60 fe-
ales.
Normally, bmp2b and bmp4 expression is restricted
entrally during gastrulation, except for small expression
omains in the dorsal region (Chin et al., 1997; Martinez-
arbera et al., 1997; Nikaido et al., 1997). However, in 25%
of ogom60/1 intercross progeny (those presumed to be ogom60
homozygotes) and in 100% of the embryos of ogotm305/ogom60
intercrosses, expression of both bmp genes was expanded
ore dorsally at shield stage (data not shown) and through-
ut gastrulation (70% epiboly; compare Fig. 4A with Figs.
B and 4C). In contrast to the other markers described
bove, the dorsalward expansion of bmp expression was
vident at the onset of gastrulation, irrespective of the
aternal genotype, suggesting that even small perturba-
ions in ogo1 levels could influence bmp expression. How-
ever, no alteration in the expression patterns of bmp2b and
bmp4 during gastrulation was observed in embryos derived
from crosses of ogotm305/ogom60 females to WT males, indi-
ating that there is no strict requirement for the maternal
go1 function. During segmentation stages, expression of
bmp2b and bmp4 (compare Figs. 4D and 4E) was increased
in the region of the developing tail, and later highlighted the
multiple ectopically forming ventral fin folds associated
with the ogo mutant caudal phenotype (Fig. 4G). Thus,
ectopic expression of bmp genes and, hence, ectopic BMP
ignaling appear to be hallmarks of the ogo as well as the
hordino mutant phenotypes.
The ogon and chordino Mutations Have Additive
Effects on D–V Patterning
Consistent with ectopic BMP signaling, the chordin ex-
ression domain becomes more dorsally restricted in ogom60
mutants during gastrulation (Miller-Bertoglio et al., 1997),
which argues that either directly or indirectly, chordin
expression is dependent on ogo function. In addition, the
dintm84 and the ogotm305 alleles interact genetically, produc-
ing a mildly ventralized phenotype in doubly heterozygous
embryos and an enhanced homozygous double mutant
phenotype (Hammerschmidt et al., 1996a). Having deter-
mined that ogom60 resulted from a deletion, we assessed the
extent to which loss of both ogo and chordin function could
ffect D–V patterning.
Copyright © 1999 by Academic Press. All rightCrosses between dintt250/1 females and ogom60/1 males
resulted in 100% phenotypically WT progeny, indicating
that, by itself or zygotically with chordin, ogom60 is not
ominant. However in reciprocal crosses, when the mother
as ogom60/1, the resulting double heterozygotes were
characterized by a partial ventral fin duplication and a
variably increased accumulation of cells caudal to the anus
at 24 hpf (Figs. 5F and 5G and data not shown), which, on
average, was observed in 18% of the progeny of ogom60/1
females mated to din/1 males (Table 2). The phenotype
resulting from the genetic interaction between ogom60 and
in was not fully penetrant and some doubly heterozygous
mbryos were indistinguishable from WT. The segregation
requencies suggested that the observed phenotype was a
roduct of maternally depleted ogo1 in combination with
the ogom60/1;din/1 zygotic genotype. This was confirmed
y raising embryos with abnormal tails to adulthood and
etermining through matings that the affected fish were
eterozygous for ogo and din mutations. We conclude that
eduction of maternally derived ogo1 is exacerbated by the
further reduction of zygotically expressed ogo and chordin.
This suggests that the products of the two genes function in
the same pathway and that the zebrafish embryo is highly
sensitive to their combined dosage.
Notably, lack of both ogo and chordin gene functions
nly moderately increased the ventralization observed in
ither of the single mutants and resulted in a double mutant
henotype that was far less severe than that of experimen-
ally ventralized embryos (Kishimoto et al., 1997; Neave et
l., 1997; Nguyen et al., 1998). In crosses between doubly
eterozygous fish (ogom60/1;dintt250/1), distinct single and
double mutant phenotypic classes were recovered at the
expected frequencies (Fig. 5 and Table 2; x2 test, P . 0.9). At
24 hpf, ogom60/ogom60;din/din embryos (Figs. 5U and 5V)
isplayed a characteristic additive phenotype, with a tail
orphology more typical of ogom60 single mutants (Figs. 5K
nd 5L) and a smaller head more closely resembling din
ingle mutants (Fig. 5P). RNA in situ hybridization analysis
erified that the reduced neurectodermal domain of the
ouble mutants was more similar to that of din homozy-
otes (krox20; compare Figs. 5R and 5W), while the in-
reased accumulation of blood cells was greater than in
ither single mutant (gata1; compare Figs. 5N, 5S, and 5X to
O, 5T, and 5Y). The additive nature of the ogom60;din
ouble mutant phenotype revealed distinct requirement for
he function of both loci in DV patterning. However,
limination of zygotic functions of both genes does not
ompletely ventralize the zebrafish embryo.
Antagonists of BMP Signaling Suppress the ogo
Mutant Phenotype
Gene expression and genetic analyses suggested that the
fundamental defect underlying the ogo mutant phenotype
could be a failure in limiting BMP activity. To test this
hypothesis, we examined whether known BMP antagonists
s of reproduction in any form reserved.
p
o
f
e
i
o
t
(
a
a
s
B
s
o
j
g
s
i
a cross between ogom60/1 males and ogom60/ogotm305 females. (C)
The remaining 25% (presumed ogom60/ogom60) had dorsally ex-
e
w
F
e
d
7
78 Miller-Bertoglio et al.
Copyright © 1999 by Academic Press. All rightcould suppress the ogom60 and ogotm305 mutant phenotypes.
Ectopic overexpression of either Xenopus Noggin (Smith
and Harland, 1992), a dominant negative form of the Xeno-
us type II BMP receptor (tBRII) (Frisch and Wright, 1998),
r zebrafish Chordin (Miller-Bertoglio et al., 1997) was
ound to inhibit ventralizing signals and to induce dorsolat-
ral cell fates at the expense of ventral ones. We therefore
njected a range of RNA concentrations to determine the
ptimal dosage that maximized rescue of mutant pheno-
ypes but minimized the frequency of dorsalized embryos
Tables 3A and 3B).
Embryos injected with noggin RNA (25–100 pg) were
nalyzed at the 10-somite stage, when dorsalized embryos
re identified by a characteristic elongated shape and
omites encircling the yolk (Mullins et al., 1996), and ogom60
mutants by their rounder shape, narrow somites, and
shorter body axis (Solnica-Krezel et al., 1996). Injections of
increasing amounts of noggin RNA resulted in either a
reduction or a complete absence of the ogo phenotypic class
(Table 3A), indicating that ectopic expression of Noggin
suppressed the mutant phenotype. Interestingly, at any
RNA dosage, the frequency of dorsalized embryos was
higher among the injected WT controls compared to em-
bryos obtained from ogom60/1 parents. The ogom60 mutation
thus appears to protect against hyperdorsalization caused
by overexpression of a BMP antagonist, as would be ex-
pected if ogo1 were normally involved in antagonism of
MP signaling.
Injections of RNA encoding tBRII (200–2000 pg) also
uppressed the ogom60 phenotype, as judged by the reduction
r absence of phenotypically mutant embryos in the in-
ected groups (Table 3A) and by the decrease of ectopic
ata-1 expression in blood cell precursors at 24 hpf (data not
hown). Zebrafish chordin RNA (10–25 pg) was injected
nto either the mutant progeny of homozygous ogotm305/
panded eve1 expression. (D–F) Dorsal views. (D) The extent of tbx6
expression (arrowheads) was unaffected in embryos (80% epiboly)
from ogom60/1 intercrosses or in (E) 71% of the progeny (n 5 34) of
ogom60/ogotm305 females crossed to ogom60/1 males. (F) A dorsalward
xpansion of tbx6 expression was observed in the remaining 29%.
(G–J) Posterior views. Compared to (G, I) their WT siblings,
expression of (H) tbx6 (tailbud stage) and (J) eve1 (2 somite stage)
as expanded in ogom60 mutant tailbuds. Scale bars, 200 mm.
IG. 4. bmp4 expression domains are expanded in ogo mutant
mbryos. (A–C) Animal pole view with dorsal to the right. (A) The
orsal extent of bmp4 expression (arrowheads) was unaffected in
7% of embryos (70% epiboly) derived from ogom60/1 intercrosses
but was expanded in (B) the remaining 23%, presumed to be
ogom60/ogom60. (C) 100% of embryos from ogom60/ogotm305 inter-
crosses displayed a dorsalward expansion of bmp4 expression. (D
and E) Posterior views. Compared to their (D) WT siblings, bmp4
expression was highly expanded in the tailbuds of (E) ogom60/ogom60
embryos (8 somites). At 20 somites, bmp4 was expressed in (F) theFIG. 3. Maternal and zygotic depletion of gene activity affects
markers of dorsal–ventral patterning. (A–C) Animal pole view with
dorsal to the right. (A) The dorsal extent of eve1 expression
(arrowheads) was unaffected in embryos (70% epiboly) derived
from ogom60/1 intercrosses or in (B) 75% of embryos (n 5 84) fromsingle ventral fin fold of WT embryos and (G) the multiple, ectopic
fin folds (arrows) of ogom60/ogom60 embryos. Scale bars, 200 mm.
s of reproduction in any form reserved.
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80 Miller-Bertoglio et al.ogotm305 adults or into embryos derived from ogom60/1 inter-
rosses (one- to four-cell stage). As expected, all of the
ontrol-injected (GFP RNA) ogotm305/ogotm305 embryos dis-
layed the mutant phenotype at 24 hpf, characterized by an
xcess of cells in the ventral tail and a fully duplicated
entral tail fin (Fig. 6A and Table 3B). However, among the
hordin-injected ogotm305/ogotm305 embryos (n 5 253), 26%
exhibited a partially rescued phenotype, with fewer cells in
the ventral tail and an incomplete tail fin duplication (Fig.
6B). Another 28% were indistinguishable from WT, and
thus were considered fully rescued (Fig. 6C).
Progeny from ogom60/1 intercrosses that had been in-
ected with chordin RNA were classified phenotypically as
T, ogo, dorsalized, or as one of two categories of partial
escue (Table 3B). Partially rescued class A embryos had a
ilder phenotype, including a smaller vesicle and fewer
ctopic cells in the ventral tail but they retained the
uplicated tail fin (7%; Fig. 6F), whereas class B embryos
ere more similar to WT, showing a minor increase of cells
n the ventral tail and, in some cases, a partial fin duplica-
ion (9%; Fig. 6G). To confirm that ogom60/ogom60 mutants
were partially rescued (classes A and B) or fully rescued
(morphologically WT), genomic DNA was prepared from
individual injected embryos and genotyped by PCR for a
polymorphic LG25 marker closely linked to ogo. The ma-
jority of embryos that had been classified as partially
rescued (13/15) were in fact ogom60/ogom60 mutants (Table
3C). Of 37 embryos classified as phenotypically WT, two
were genotypically ogom60/ogom60 mutants that had been
FIG. 5. ogon and chordin encode partially overlapping functions. C
henotypic classes: (A–E) WT, (F–J) ogom60/1;din1/1, (K–O) ogom6
arrowhead), duplicated tail fin (arrows), and ventral tail vesicle (op
18 hpf) using probes for krox20, expressed in hindbrain rhombome
tail, shows that the brain of (W) ogom60/ogom60;din/din double mutan
n blood cells was slightly greater in (X,Y) the double mutant compa
TABLE 2
The ogonm60 and chordin Mutations Interact
Parental genotypes
(female 3 male)
Total no. of
embryos WT % (n)
din/1 3 ogo/1 251 100 (251)
ogo/1 3 din/1 256 82 (211)
go/1 3 1/1 400 100 (100)
go/1;din/1 3 ogo/1;din/1 627 44 (278)
a Confirmed to be ogo/1;din/1 by rearing and mating.and gata1 expression is shown in dorsal and lateral tailbud views. Sca
preparations.
Copyright © 1999 by Academic Press. All rightully restored to WT morphology through chordin RNA
njection.
swirl Is Epistatic to ogon
Suppression of the ogotm305 and ogom60 mutant phenotypes
by expression of mRNA encoding BMP antagonists strongly
suggested that ogo1 primarily functions to repress the
ventralizing activity of BMPs. To test this hypothesis
further, we produced ogom60;swr double mutants using the
swrtc300 allele which completely inactivates the bmp2b gene
Kishimoto et al., 1997; Nguyen et al., 1998). A distinct
gom60/ogom60;swr/swr double mutant phenotypic class was
not detected in the progeny of ogom60/1;swr/1 double
heterozygous parents. Instead, WT, swr, and ogo pheno-
ypes were obtained with frequencies of 55, 26, and 19%
n 5 513), which are not significantly different from the
requencies expected if swr were epistatic to ogo (56%:25%:
9%; x2 test, P . 0.9). Genetic epistasis was confirmed by
enotyping a subset of swr mutants and determining that
ome were also homozygous for ogom60 (27%, n 5 3/11) and
hus comprised the double mutant class. A fraction of the
gom60/ogom60 mutants (63%) displayed a weaker than usual
phenotype, consisting only of a duplicated ventral fin fold.
This class corresponded with the number of embryos ex-
pected to be ogom60/ogom60;swr/1 (x2 test, P . 0.5), suggest-
ng that the ogo phenotype is suppressed by a partial loss of
MP signaling. The genetic interactions observed with
s between ogom60/1;dintt250/1 double heterozygotes resulted in five
T) din, and (U–Y) double mutant. The caudal cell accumulation
row) are characteristic of the mutant classes. In situ hybridization
and 5 (r3 and r5), and gata1, expressed in blood cells of the ventral
similar in size to that of (R) din homozygotes and that the increase
o either single mutant. krox20 expression is shown in dorsal views
Phenotypic class
Maternal
effecta chordino ogon
ogon;chordino
double
mutant
0 0 0 0
18 (45) 0 0 0
0 0 0 0
15 (96) 20 (124) 16 (99) 5 (30)rosse
0, (P–
en ar
res 3
ts is
red tle bars for live embryos, 200 and 50 mm for in situ hybridization
s of reproduction in any form reserved.
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in a BMP-dependent manner.
The ogon Locus Does Not Encode
Organizer-Derived Noggin
Because BMP antagonists such as Xenopus Noggin sup-
press the ogo mutant phenotype, zebrafish Noggin-related
proteins were obvious candidates for the product of the ogo
gene. Sequences corresponding to a previously identified
noggin gene (Fritz et al., 1996), renamed nog3, was ampli-
fied by PCR from the genomic DNA of ogom60 deletion
mutants (data not shown), indicating that this homologue
does not correspond to the ogo locus.
Additional noggin genes were identified using degener-
ate PCR (Fig. 7A). One of these, nog2, expressed in the
TABLE 3A
Suppression of ogom60 Mutant Phenotype by Injection of noggin an
Parental
genotype
RNA
injected
Amount
(pg)
Tota
em
ogo1/2 None 0
ogo1/2 noggin 50
ogo1/2 noggin 100
ogo1/2 noggin 150
WT noggin 50
WT noggin 100
WT noggin 150
ogo1/2 tBRII 200–600
ogo1/2 tBRII 800–1500
ogo1/2 tBRII 2000
WT tBRII 400–600
a Total number of embryos injected.
ABLE 3B
escue of Mutant Embryos with chordin RNA
chordin
RNAa
(pg)
Parental
genotypes
Total
no. of
embryosb
Morphologically
wild-type
(% (n))
Dorsa
(%
0 ogotm305/ogotm305 96 0 0
15 ogotm305/ogotm305 253 28 (70) 6 (
0 ogom60/1 51 75 (56) 0
25 ogom60/1 87 46 (40) 31 (
a All embryos were coinjected with GFP RNA.
b Total number of injected embryos surviving gastrulation.
c Dorsalized phenotypes ranged from loss of ventral fin to expan
d Characterized by a milder ogo phenotype with reduced vesicle in v
e Primarily wild type with increased cells in ventral tail and/or partia
Copyright © 1999 by Academic Press. All rightpresumptive notochord during late gastrulation (M.
Fu¨rthauer, B. Thisse and C. Thisse, unpublished observa-
tions), was also ruled out as a candidate by PCR of
deletion mutant DNA (data not shown). Another ze-
brafish noggin homologue, nog1, showed specific expres-
sion in the dorsal embryonic shield at gastrulation (Figs.
7B–7D), similar to the noggin expression that localizes to
the Xenopus organizer (Smith and Harland, 1992). Partial
sequence analysis of nog1 revealed a restriction enzyme
polymorphism that was present in ogo map cross DNA
but failed to segregate with the mutant phenotype and
was therefore unlinked (Fig. 7E). Moreover, sequences
corresponding to nog1 amplified expected fragments from
genomic DNA of ogom60 and ogob180 deletion mutants
(data not shown).
Analyses of the nog1 expression pattern in embryos
MPR RNAs
. of
sa
Phenotypic class (% (n))
WT Dorsalized ogo
72 (206) 0 28 (80)
62 (79) 22 (28) 15 (19)
48 (111) 39 (89) 7 (17)
41 (49) 61 (72) 3 (4)
68 (17) 32 (8) —
35 (25) 65 (47) —
21 (18) 79 (69) —
71 (302) 21 (88) 6.5 (28)
76 (280) 23 (86) 0.5 (2)
69 (75) 31 (34) 0
77 (47) 23 (14) —
Phenotypic class
c
Partially
rescued
(% (n))
ogotm305 or
ogom60 (% (n))
0 100 (96)
26 (66) 41 (103)
0 0 25 (14)
Class Ad (6) Class Be 5 9 (8) 7 (6)
of somites around embryonic circumference.d DB
l no
bryo
286
127
230
119
25
72
87
427
368
109
61lized
(n))
14)
27)
sion
entral tail and duplicated ventral fin (e.g., Fig. 6F).
lly duplicated ventral fin (e.g., Fig. 6G).
s of reproduction in any form reserved.
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82 Miller-Bertoglio et al.derived from both ogom60/1 heterozygous and ogom60/
ogotm305 transheterozygous females and ogom60/1 males at
everal stages of gastrulation (germ ring, shield, 70 and 80%
piboly) have not revealed any abnormalities (data not
FIG. 6. Mutant phenotypes are suppressed by injected chordin RN
NA or (B and C) a mixture of chordin and GFP RNA. Chordin-in
ogom60/1 intercrosses injected with (D and E) GFP RNA or (F and
artial rescue class B. Insets (D–G) show PCR analyses of the close
onfirm the genotype (right lane) of the depicted embryo. The PCR
he cell accumulation (arrowhead), the duplicated fin (arrow), and
ar, 250 mm.
TABLE 3C
Genotyping of Injected ogom60/1 Intercross Progeny
Phenotypic
class
Total no.
genotypeda
Genotype assignment
1/1 ogo/1 ogo/ogo
ild type 37 14 21 2
orsalized 24 5 10 8
gon 6 0 0 6
escue class A 8 0 1 7
escue class B 7 0 1 6fa Total genomic DNA was prepared from individual embryos and
nalyzed by PCR using Z6924.
Copyright © 1999 by Academic Press. All righthown). Thus, loss of ogo function does not correlate with a
utation in a noggin gene that is expressed in a temporally
nd spatially appropriate manner to function as an antago-
ist of BMP signaling during zebrafish gastrulation, nor
oes the loss of ogo function affect the normal expression of
og1.
DISCUSSION
Our results indicate that the zebrafish mutations, mer-
edestm305, ogonm60, and short tailb180 affect the same locus,
eferred to as ogon (ogo). The mutations produce similar
utant phenotypes, fail to complement, and map within
he same interval on LG25. The ogom60 and ogob180 alleles
esult from deficiencies that lack a number of distal LG25
arkers. Homozygous mutant embryos display a pheno-
ype that is more severe, yet very similar to that resulting
–C) Progeny of ogotm305/ogotm305 intercrosses injected with (A) GFP
d embryos were (B) partially or (C) fully rescued. (D–G) Progeny of
mixture of chordin and GFP RNA. (F) Partial rescue class A. (G)
nked polymorphic marker (Z6924; left lane WT reference) used to
uct was 200 bp for WT (EK) and 220 bp for ogo (HK). Indicated are
esicle (open arrow) characteristic of the mutant ventral tail. ScaleA. (A
jecte
G) a
ly li
prod
the vrom the ENU-induced mutation ogotm305, suggesting that it
represents the loss of function phenotype of just one early-
s of reproduction in any form reserved.
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83Zebrafish ogon Antagonizes BMP Signalingacting locus. This interpretation is supported by rescue
experiments demonstrating that suppression of BMP signal-
ing by overexpression of antagonists is sufficient to restore
WT morphology in ogotm305 and ogom60 homozygotes. The
ogotm305 allele appears to retain partial gene function since
gotm305/ogom60 transheterozygous embryos display a stron-
er mutant phenotype than ogotm305/ogotm305 homozygotes.
he differences in allelic severity enabled us to investigate
he effects of maternal depletion of the ogo1 gene product
nd the absence of zygotic gene activity on embryonic
atterning.
Maternal and Zygotic Functions for ogo1
FIG. 7. A dorsally expressed zebrafish noggin gene does not co
sequences of Noggin1, Noggin2, and Noggin3 with the Xenopus (XN
ots indicate gaps introduced to optimize the alignment. (B) At the
C and D) As gastrulation proceeds (70% epiboly), nog1 expression
orsal view. (E) A restriction polymorphism in nog1 is not linked
ndividual progeny from an ogotm305/1 (HK/EK) map cross was dig
313-bp fragment contains an additional PvuII site that is not prese
Lanes 1–5 and 7–14 are PvuII digests of nog1 PCR products ampli
respectively. Lane 6 is a High–Low molecular weight marker (MinIn contrast to a previous study (Hammerschmidt et al.,
1996a), we did not find any notable difference in the
Copyright © 1999 by Academic Press. All rightxpression pattern of eve1 or other markers in progeny
erived from ogotm305/ogotm305, ogotm305/1, and ogom60/1 fe-
males until late gastrulation. We presume that the maternal
gene product is reduced to a greater extent in transheterozy-
gous adult females (ogotm305/ogom60 and ogotm305/ogob180), and,
as predicted, we did observe a dorsalward expansion in gene
expression domains among early gastrula stage progeny of
ogotm305/ogom60 females crossed to ogom60/1 males. However,
irrespective of the maternal genotype, all homozygous
mutant embryos showed expanded bmp2b/4 gene expres-
sion early in gastrulation. This suggests that regulation of
bmp2b/4 transcription is especially sensitive to ogo1 levels.
The interaction between ogon and chordin mutations
provided further evidence for the role of maternally derived
ond to ogo. (A) Comparison of the predicted, partial amino acid
) and mouse (MNOG) proteins. Dashes indicate identical residues.
t of gastrulation, nog1 is expressed in the dorsal embryonic shield.
intained in the involuting mesoderm. (B and D) Lateral views. (C)
o. A nog1 PCR fragment (532 bp) amplified from genomic DNA of
with PvuII to produce 219- and 313-bp fragments. The WT (EK)
the HK background of ogo and yields 207- and 106-bp fragments.
rom genomic DNA of individual WT (EK) and ogo (HK) embryos,
ta Molecular).rresp
OG
onse
is ma
to og
ested
nt inogo. A characteristic, duplicated ventral tail fin was ob-
served in ogom60/1;dintt250/1 double heterozygous progeny
s of reproduction in any form reserved.
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84 Miller-Bertoglio et al.only when ogom60/1 females were mated to din/1 males,
but not in progeny from the reciprocal cross. The tail
phenotype observed in the ogom60/1;din/1 double heterozy-
ous embryos appears to result from the summed reduction
f maternal ogo and zygotic ogo and chordin gene activities.
While we observed the ogom60/1;din/1 transheterozygous
phenotype only in the progeny of ogom60/1 females, Ham-
merschmidt et al. (1996) reported a similar interaction for
es/1;din/1 progeny derived from both ogom60/1 and
in/1 females, suggesting a maternal contribution of din.
tudies of homozygous viable and fertile din/din adult
emales (S. Fisher and M. E. Halpern, submitted for publi-
ation), however, indicate that this zebrafish chordin ho-
ologue does not have a detectable maternal function.
hus, the differences between the phenotypes resulting
rom reciprocal crosses are more likely attributable to
ifferences in genetic backgrounds rather than to a mater-
al role for Chordin.
Ogon Functions within a BMP Signaling Pathway
Several lines of evidence demonstrate that the ogo locus
is required for correct D–V patterning to limit the ventral-
izing action of BMPs. During early gastrulation, the expres-
sion domains of bmp2b and bmp4 are dorsally expanded in
go mutants and anticipate the dorsal expansion of other
entrolateral markers observed at later gastrulation. Since
xpression of bmp2b and bmp4 genes in zebrafish is depen-
ent on BMP2b protein (Kishimoto et al., 1997; Nguyen et
l., 1998), the expanded bmp2b/4 gene expression in ogo
utants likely reflects increased and/or ectopic BMP2/4
ctivity. Accordingly, we were able to suppress the pheno-
ype of ogom60 and ogotm305 mutants by injection of synthetic
NAs encoding known BMP antagonists. Some genotypi-
ally ogom60/ogom60 embryos injected with noggin or chordin
NAs were phenotypically indistinguishable from WT at
4 hpf, suggesting that these genes act in the same pathway
r in a similar manner to antagonize BMP signaling. In
ddition, we demonstrated that a null mutation of the
entral morphogen, swr (bmp2b) (Kishimoto et al., 1997;
guyen et al., 1998), is epistatic to ogom60, thereby provid-
ing genetic evidence that the ogo1 gene product functions
by directly or indirectly inhibiting the ventralizing BMP
activity.
What is the role of the ogo locus in the regulation of BMP
activity? Previous work indicated that ogo1 is required for
normal chordin expression (Miller-Bertoglio et al., 1997).
Furthermore, the additive phenotype of ogo;din double
utants, constructed either with the mes hypomorphic
llele (Hammerschmidt et al., 1996a) or the ogom60 null
allele (this work) argues that ogo and chordin act in the
same pathway to limit BMP activity. However, ogo;din
double mutants, in which the zygotic function of both loci
has been completely eliminated, show a less severe pheno-
type than that predicted for complete ventralization due to
ectopic BMP signaling (Kishimoto et al., 1997; Neave et al.,
1997; Nguyen et al., 1998). Additional BMP antagonists,
Copyright © 1999 by Academic Press. All rightsuch as Nog1 (see below), or other dorsally derived signals
such as FGF8 (Fu¨rthauer et al., 1997), may operate in
ogo;din double mutants to limit BMP activity. Alterna-
tively, the maternally provided ogo function could prevent
complete ventralization.
Ogon Does Not Encode a Dorsally Expressed
Zebrafish Noggin
Our data suggest that the ogo locus encodes a dorsalizing
factor that either directly antagonizes BMP activity or lies
upstream of a BMP antagonist. On the basis of its expres-
sion in the Xenopus organizer and the demonstration of its
activity as a BMP antagonist (Smith and Harland, 1992;
Zimmerman et al., 1996), Noggin was an excellent candi-
ate for the zebrafish ogo gene. Moreover, contrary to a
ecent report (Bauer et al., 1999), we have described a new
oggin homologue whose expression localizes to the ze-
rafish gastrula organizer region, the dorsal embryonic
hield.
Using degenerate PCR, we were able to identify three
ebrafish noggin homologues. Expression of two genes,
og3 (Fritz et al., 1996) and nog2, was not detected at
ignificant levels prior to or at the onset of gastrulation.
owever, one noggin homologue, nog1, was expressed
pecifically in the embryonic shield, in a temporally appro-
riate manner to restrict BMP activity during gastrulation.
evertheless, PCR analyses of ogom60 and ogob180 deficiency
DNA enabled us to rule out all the three nog genes as
andidates for the ogo locus. Notably, expression of nog 1
as not altered in ogo mutants, indicating that ogo does not
nhibit BMP signaling by regulating nog1 expression.
In contrast to nog1, zebrafish genes that encode proteins
homologous to the BMP antagonist Follistatin are unlikely
candidates since they are not expressed in the early embryo
in a manner consistent with ogo1 function (Bauer et al.,
1999; M. Fu¨rthauer, B. Thisse and C. Thisse, unpublished
observations). Members of the DAN family of BMP antago-
nists such as Cerberus and Gremlin could also be candi-
dates for the ogo gene, and this possibility should be tested
as their zebrafish homologues become identified (Bouw-
meester et al., 1996; Hsu et al., 1998). In light of the
polyploidization event that has been proposed for the evo-
lution of the zebrafish genome (Postlethwait et al., 1998)
and the strong similarities between the ogo and din mutant
phenotypes, the existence of additional chordin-related
genes could account for ogo1 function; however, so far,
these have not been identified (unpublished observations).
Alternatively, other, as of yet unidentified, BMP antago-
nists might operate during zebrafish gastrulation. Rather
than act at the level of BMP antagonism, Ogon1 could
potentially function downstream as a negative regulator of
the BMP signaling cascade, as has been recently proposed
for Xenopus Smad7 (Bhushan et al., 1998; Casellas and
Hemmati-Brivanlou, 1998). Continuing molecular genetic
analyses will provide further insight into the complexities
s of reproduction in any form reserved.
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85Zebrafish ogon Antagonizes BMP Signalingof BMP signaling pathways and the precise role of the ogo
ocus in zebrafish embryonic pattern formation.
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